Introduction {#sec1}
============

Bisphenol A (4,4′-(propane-2,2-diyl)diphenol; BPA), one of the most widely used industrial compounds in the world, is mainly used in the production of various polymers. BPA is applied to baby bottles, toys, sealant, eyewear lenses, and paper consumer products.^[@ref1]^ It is the high production and consumption that makes it a widespread pollutant in the global environment.^[@ref2]−[@ref5]^ When plastic products are heated or exposed to ultraviolet (UV) light, BPA is released from the polymer into food and water,^[@ref6]^ resulting in frequent exposure to BPA. Adverse effects of BPA on human health have attracted high attention in the field of public health because specific tissues and organs are highly susceptible to the toxic effects of BPA.^[@ref7]−[@ref9]^ A number of studies have found that BPA is widely found in food, environmental, and even biological samples.^[@ref10]−[@ref14]^

Toxic substances in intestinal lumen can induce dysfunction of intestinal epithelial cells, allowing harmful substances to escape and pass into the bloodstream, causing systemic metabolic diseases.^[@ref15]−[@ref17]^ Maintaining a good intestinal barrier function is critical to human health. The tight junction (TJ) complex is the main component of the intestinal epithelial barrier.^[@ref18]^ Abnormal expression and distribution of tightly coupled complexes in intestinal epithelial cells will directly affect the intestinal barrier function and intestinal permeability, thus inducing many intestinal diseases.^[@ref19]^ Researchers have done a lot of work on BPA and intestinal diseases and their relationship. The effects of BPA on gut health are mainly manifested in the downregulated lysozyme expression, decreased fecal antibacterial activity, reduced secretion level of intestine immunoglobulin A (IgA), increased intestinal permeability, and the occurrence of colitis.^[@ref20],[@ref21]^ In addition, evidence shows that exposure to BPA destroyed the morphological structure of the intestinal epithelium, reduced the number of goblet cells, suppressed the expression of tight junction (TJ) protein, increased the permeability of the intestinal epithelium, and ultimately leading to impaired intestinal barrier function.^[@ref22]^

Previous studies have shown that oxidative stress is a critical biological process by which BPA mediates damage to gut barrier function.^[@ref23]^ However, the mechanism by which BPA induces oxidative stress is unknown. A recent study revealed that p38 mitogen-activated protein kinase (MAPK) signaling pathway involved the regulation of oxidative stress and was closely related to the intestinal epithelial barrier function.^[@ref24],[@ref25]^ Due to its safety and low cost, natural products have been widely used in disease resistance research. Icariin (ICA) is a representative natural product. ICA, a flavonoid extracted from epimedium, has a wide range of biological activities as well as pharmacological effects, mainly anti-inflammatory and antioxidant. Previous studies have shown that ICA can significantly alleviate intestinal injury induced by LPS, suggesting that ICA may have an outstanding protective effect on intestinal epithelium.^[@ref26],[@ref27]^

Therefore, we hypothesized that ICA positively protects against BPA-induced intestinal epithelial barrier damage through regulation of the expression of p38 MAPK. To demonstrate this, we investigated the protective effect of ICA on intestinal epithelial barrier function by constructing *in vivo* and *in vitro* models induced by BPA. Moreover, the biological mechanism by which ICA has a protective effect on the intestinal epithelial barrier was elucidated through specific blockade or activation of the p38 MAPK signaling pathway.

Results {#sec2}
=======

Effects of ICA on Jejunal Permeability and Barrier Function in BPA-Exposed Mice {#sec2.1}
-------------------------------------------------------------------------------

To assess the effects of ICA on jejunal permeability and barrier function after BPA exposure, we examined the levels of the chemical markers (endotoxin, diamine peroxidase (DAO), [d]{.smallcaps}-lactate, and zonulin) and the gene expressions of tight junction proteins (ZO-1, occludin, and claudin*-*1). BPA exposure markedly increased the levels of these chemical markers in the plasma and jejunum, while ICA + BPA co-treatment decreased them compared with that in the BPA group (*p* \< 0.05; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A--H). Besides, we used real-time quantitative polymerase chain reaction (RT-qPCR) to detect TJ-related gene expression and found that BPA exposure significantly reduced the gene expressions of ZO-1, occludin, and claudin-1 in the jejunal samples, while ICA + BPA co-treatment rescued the expressions of these tight junction proteins (*p* \< 0.05; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}I--K). These results suggested that ICA can effectively alleviate BPA-induced intestinal barrier functional impairment.

![Effects of ICA on jejunal permeability and barrier function in BPA-exposed mice. Plasma endotoxin (A), DAO (B), [d]{.smallcaps}-lactate (C), and zonulin (D) levels. Jejunal endotoxin (E), DAO (F), [d]{.smallcaps}-lactate (G), and zonulin (H) levels. Jejunal gene expressions of ZO-1 (I), occludin (J), and claudin-1 (K) detected by RT-qPCR. Values are the mean ± standard error (*n* = 10). \**p* \< 0.05 vs CON group; ^\#^*p* \< 0.05 vs BPA group.](ao0c02364_0001){#fig1}

Effects of ICA on Jejunal Redox Status in BPA-Exposed Mice {#sec2.2}
----------------------------------------------------------

To investigate the effect of ICA on redox status in the jejunal epithelium after BPA exposure, we detected the levels of the chemical markers (reactive oxygen species (ROS), reactive nitrogen species (RNS), malondialdehyde (MDA), hydrogen peroxide (H~2~O~2~), superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase (CAT), and total antioxidant capacity (T-AOC)) in plasma and jejunal samples of mice. BPA exposure significantly increased the levels of ROS, RNS, MDA, and H~2~O~2~ in plasma and jejunum, while ICA decreased the ROS, RNS, MDA, and H~2~O~2~ contents compared to the BPA group (*p* \< 0.05; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A--H). Besides, BPA exposure markedly reduced the activity of SOD, GPx, CAT, and T-AOC in the plasma and jejunum, while ICA + BPA co-treatment increased the SOD, GPx, CAT, and T-AOC activity compared with those of the BPA group (*p* \< 0.05; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}I--P). These data demonstrated that ICA can reverse BPA-induced redox imbalances.

![Effects of ICA on jejunal redox status in BPA-exposed mice. Plasma levels of ROS (A), RNS (B), MDA (C), and H~2~O~2~ (D). Jejunal ROS (E), RNS (F), MDA (G), and H~2~O~2~ (H) levels. Plasma SOD (I), GPx (J), CAT (K), and T-AOC (L) activity. Jejunal SOD (M), GPx (N), CAT (O), and T-AOC (P) activity. Values are the mean ± standard error (*n* = 10). \**p* \< 0.05 vs CON group; ^\#^*p* \< 0.05 vs BPA group.](ao0c02364_0002){#fig2}

Effects of ICA on Jejunal p38 MAPK Expression in BPA-Exposed Mice {#sec2.3}
-----------------------------------------------------------------

To reveal the influence of ICA on the expression of p38 MAPK in the jejunal epithelium after BPA exposure, we detected the mRNA expression and content of the p38 MAPK in jejunal samples of mice. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, mice challenged with BPA had a higher level of p38 MAPK gene expression and content than the CON group (*p* \< 0.05; [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B). Besides, the p38 MAPK gene expression and content in the ICA co-treatment group was significantly lower than that of the BPA group (*p* \< 0.05; [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B). These results suggested that p38 MAPK may be a key factor of ICA in alleviating BPA-induced intestinal injury.

![Effects of ICA on jejunal p38 MAPK expression in BPA-exposed mice. The gene expression (A) and content (B) of p38 MAPK in the jejunum of mice. Values are the mean ± standard error (*n* = 10). \**p* \< 0.05 vs CON group; ^\#^*p* \< 0.05 vs BPA group.](ao0c02364_0003){#fig3}

Effect of ICA on Cell Viability and Monolayer Barrier Function in MODE-K Cells with BPA Challenge {#sec2.4}
-------------------------------------------------------------------------------------------------

To evaluate the potential protective effect of ICA on MODE-K cell viability and monolayer barrier function with the BPA challenge, 40 μg/mL ICA was used to process cells with 200 μM BPA for 24 h. MODE-K cell viability was significantly lower in the BPA group than in the CON group. At the same time, the cell viability of the ICA + BPA co-treatment group was significantly higher than that of the BPA group (*p* \< 0.05; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Similarly, the lactate dehydrogenase (LDH) activity of MODE-K cells of the BPA group was markedly higher than that of the CON group; meanwhile, the LDH activity of the ICA + BPA co-treatment group was markedly lower than that of the BPA group (*p* \< 0.05; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). In addition, the BPA treatment reduced the value of transepithelial electrical resistance (TEER) and increased the fluorescein isothiocyanate-dextran (FITC-D4) flux of MODE-K cell (*p* \< 0.05; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C,D). Compared to the BPA group, the value of TEER was relatively elevated after the ICA co-treatment, while the FITC-D4 flux was relatively declined (*p* \< 0.05; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C,D). Besides, we used RT-qPCR to detect TJ-related gene expression and found that the challenge with BPA decreased ZO-1, occludin, and claudin*-*1 gene expression in MODE-K cells, while the gene expressions of ZO-1, occludin, and claudin*-*1 in the BPA + ICA group were significantly higher than those in the BPA group (*p* \< 0.05; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E--G). These results validated the efficacy of ICA against the intestinal toxicity of BPA *in vitro*.

![Effect of ICA on cell viability and monolayer barrier function in MODE-K cells with BPA challenge. (A) Cell viability, (B) LDH activity, (C) TEER, and (D) FITC-D4 measured after exposure to BPA (200 μM) and ICA (40 μg/mL) for 24 h. The gene expression of (E) ZO-1, (F) occludin, and (G) claudin-1 detected by RT-qPCR after exposure to BPA (200 μM) and ICA (40 μg/mL) for 24 h. Values are the mean ± standard error (*n* = 6). \**p* \< 0.05 vs CON group; ^\#^*p* \< 0.05 vs BPA group.](ao0c02364_0004){#fig4}

Effect of ICA on Redox Equilibrium in MODE-K Cells after BPA Challenge {#sec2.5}
----------------------------------------------------------------------

To evaluate the potential protective effect of ICA on MODE-K cell redox balance with the BPA challenge, we also used 40 μg/mL ICA to process cells with 200 μM BPA for 24 h. To assess the redox state of MODE-K cells, mitochondrial and intracellular ROS levels, and a series of indicators (MDA, H~2~O~2~, SOD, GPx, CAT, and T-AOC) were measured. The level of mitochondrial and intracellular ROS, MDA, and H~2~O~2~ in MODE-K cells increased after the BPA challenge; meanwhile, the mitochondrial and intracellular ROS, MDA, and H~2~O~2~ contents in the BPA + ICA group was significantly lower than that in the BPA group (*p* \< 0.05; [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A--D). In addition, the activity of SOD, GPx, CAT, and T-AOC in MODE-K cells of the BPA group was significantly lower than that in the CON group, whereas the SOD, GPx, CAT, and T-AOC activity in the ICA co-treatment group was higher than those in the BPA group (*p* \< 0.05; [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}E--H). These data validated the efficacy of ICA against BPA-induced redox disturbance *in vitro*.

![Effect of ICA on the redox status in MODE-K cells with BPA challenge. Changes in the levels of (A) mitochondrial ROS (MitoSOX dye oxidation), (B) total intracellular ROS (H2DCF oxidation), (C) MDA, and (D) H~2~O~2~ in MODE-K cells. The activity of (E) SOD, (F) GPx, (G) CAT, and (H) T-AOC in MODE-K cells. Values are the mean ± standard error (*n* = 6). \**p* \< 0.05 vs CON group; ^\#^*p* \< 0.05 vs BPA group.](ao0c02364_0005){#fig5}

Effect of ICA on the Expression of p38 MAPK and Oxidative Stress in MODE-K Cells after BPA Challenge {#sec2.6}
----------------------------------------------------------------------------------------------------

As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, MODE-K cells treated with BPA had a higher level of *p38 MAPK* gene expression and content than the CON group (*p* \< 0.05; [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A,B). Besides, the *p38 MAPK* gene expression and content of MODE-K cells in the ICA co-treatment group were significantly lower than those in the BPA group (*p* \< 0.05; [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A,B). To explore the underlying mechanisms by which ICA alleviates the disruption of the monolayer function of the MODE-K cells induced by BPA, we explored the *p38 MAPK* expression as well as oxidative status. Compared with the CON group, the ICA group significantly reduced the gene expression and content of *p38 MAPK* and decreased the mitochondrial and intracellular ROS levels in MODE-K cells (*p* \< 0.05; [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C--F). These data suggested that ICA may play a role in protecting the gut by regulating p38 MAPK *in vitro*.

![Effect of ICA on p38 MAPK expression and oxidative stress in MODE-K cells with BPA challenge. The gene expression (A) and content (B) of p38 MAPK in MODE-K cells. The gene expression (C) and content (D) of p38 MAPK in MODE-K cells. Changes in the levels of (E) mitochondrial ROS (MitoSox dye oxidation) and (F) total intracellular ROS (H2DCF oxidation) in MODE-K cells. Values are the mean ± standard error (*n* = 6). \**p* \< 0.05 vs CON group; ^\#^*p* \< 0.05 vs BPA group.](ao0c02364_0006){#fig6}

Effects of Co-treatment with ICA and p38 MAPK Inhibitor/Activator on Cell Viability, Barrier Function, and Oxidative Stress of MODE-K Cells after BPA Challenge {#sec2.7}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

We employed inhibitors/activators of p38 MAPK to elucidate the potential molecular mechanisms by which ICA alleviates BPA-induced intestinal injury. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, when compared to the BPA group, the p38 MAPK inhibitor (SB203580) group significantly increased the MODE-K cells viability and LDH activity, increased the value of TEER, decreased the FITC-D4 flux, and reduced the levels of mitochondrial and intracellular ROS (*p* \< 0.05; [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A--F). Besides, compared with the BPA group, the p38 MAPK inhibitor (SB203580) group significantly increased the mRNA expression of ZO-1, occludin, and claudin*-*1 (*p* \< 0.05; [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}G--I). As shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, compared with the CON group, the BPA group and the BPA + ICA + p38 MAPK activator (anisomycin) group significantly reduced the MODE-K cell viability and LDH activity, declined the value of TEER, increased the FITC-D4 flux, increased the mitochondrial and level of intracellular ROS, and reduced the mRNA expression of ZO-1, occludin, and claudin*-*1 (*p* \< 0.05; [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A--I). While compared to the BPA group, the BPA + ICA + p38 MAPK activator (anisomycin) group hardly had change in cell viability, barrier function, and oxidative stress. These results confirm that p38 MAPK is essential for ICA to play a role in combating BPA.

![Effect of p38 MAPK inhibitor on cell viability, barrier function, and oxidative stress in MODE-K cells with BPA challenge. (A) Cells viability and (B) LDH activity of MODE-K cells. (C) TEER and (D) FITC-D4 of MODE-K cells. Changes in the levels of (E) mitochondrial ROS (MitoSOX dye oxidation) and (F) total intracellular ROS (H2DCF oxidation) in MODE-K cells. mRNA expression of (G) ZO-1, (H) occludin, and (I) claudin-1 in MODE-K cells detected by RT-qPCR. Values are the mean ± standard error (*n* = 6). \**p* \< 0.05 vs CON group; ^\#^*p* \< 0.05 vs BPA group.](ao0c02364_0007){#fig7}

![Effect of co-treatment with p38 MAPK activator and ICA on cell viability, barrier function, and oxidative stress in MODE-K cells with BPA challenge. (A) Cells viability and (B) LDH activity of MODE-K cells. (C) TEER and (D) FITC-D4 of MODE-K cells. Changes in the levels of (E) mitochondrial ROS (MitoSOX dye oxidation) and (F) total intracellular ROS (H2DCF oxidation) in MODE-K cells. mRNA expression of (G) ZO-1, (H) occludin, and (I) claudin-1 in MODE-K cells detected by RT-qPCR. Values are the mean ± standard error (*n* = 6). \**p* \< 0.05 vs CON group; ^\#^*p* \< 0.05 vs BPA group.](ao0c02364_0008){#fig8}

Discussion {#sec3}
==========

BPA, a substance that pollutes the environment in daily life, has been shown to cause potential damage to numerous human tissues and organs (lungs, liver, kidneys, skin, and mucous membranes) in the human body.^[@ref28]−[@ref31]^ A recent study has shown that mice exposed to BPA suffer from a severe intestinal disease, characterized by damage to the intestinal epithelium and breakdown of the intestinal barrier.^[@ref22]^ Numerous studies have shown that ICA has an excellent preventive effect against a variety of diseases, which is mainly attributed to its excellent antioxidant properties.^[@ref32],[@ref33]^ Therefore, we tried to figure out the positive effects of ICA on intestinal barrier function and its potential mechanisms of BPA challenge in this study.

The previous study has shown that BPA exposure increased intestinal epithelial histopathological score in mice and decreased the gene expression of tight junction proteins in the intestinal epithelium, thereby disrupting the intestinal barrier function.^[@ref22]^ In addition, *in vitro* studies have shown that BPA-promoted apoptosis and inhibited proliferation of gut epithelial cells.^[@ref34]^ The present data showed that BPA exposure significantly reduced the gene expression of tight junction proteins (ZO-1, occludin, and claudin-1) in the jejunum of mice and MODE-K cells. In a tight junction complex, ZO-1 is a peripheral membrane protein, which plays an important role in the distribution and maintenance of tight junctions.^[@ref35]^ Occludin interacts directly with claudins and actin to promote the transfer of macromolecules through the cell bypass pathway.^[@ref36]^ In addition, members of the claudins family also contribute to the functioning of the intestinal barrier.^[@ref37],[@ref38]^ Therefore, ZO-1, occludin, and claudins play a crucial role in maintaining the intestinal barrier. Damage to the intestinal barrier caused by BPA increased the permeability of detrimental substances in the intestinal lumen.^[@ref22]^ Our results showed a significant increase in plasma and jejunal endotoxin, DAO, [d]{.smallcaps}-lactic acid, and zonulin levels after BPA treatment. Generally speaking, for healthy individuals, indicators (endotoxin, DAO, [d]{.smallcaps}-lactic acid, and zonulin) are low in the circulatory system, which are significantly increased during the destruction of the intestinal wall.^[@ref39]^ Besides, our data revealed that the BPA challenge decreased the transmembrane tolerance of MODE-K cells and increased the FITC-D4 flux. More importantly, treatment with ICA significantly reduced the damage to the intestinal barrier and permeability of mice and MODE-K cells induced by BPA. All these data suggested that BPA gives rise to increased intestinal permeability and dysfunction of the epithelial barrier *in vivo* and *in vivo*, and ICA can effectively alleviate these adverse effects.

To further expound the mechanisms by which ICA protected the intestinal epithelial barrier, we investigated the redox state *in vivo* and *in vitro*. Oxidative stress is one of the many underlying mechanisms by which toxic substances cause cellular dysfunction in mammals.^[@ref40]^ Reactive oxygen species (ROS) and reactive nitrogen (RNS) produced under physiological conditions are important factors in the maintenance of cell life activities, but the overproduction of ROS and RNS is harmful to the human body. The toxic effects of these molecules include DNA/RNA damage, amino acid oxidation, and lipid peroxidation, resulting in intracellular nucleic acid damage, mutations, and protein and lipid damage.^[@ref41]^ Previous studies have revealed multiple potential mechanisms by which BPA affects the intestinal epithelial cells. Among these mechanisms, the accumulation of oxidative stress intermediates has received great attention. In addition, there is evidence that oxidative stress is strongly associated with intestinal barrier dysfunction, primarily due to its ability to destroy tight junction proteins.^[@ref42],[@ref43]^ Our data clearly showed that BPA treatment induced oxidative stress and inhibited antioxidant capacity in the jejunum of mice and MODE-K cells. ICA co-treatment significantly attenuated the disordered of redox equilibrium induced by BPA. These findings indicated that ICA alleviated BPA-induced damage to the intestinal epithelial barrier primarily through its strong antioxidant capacity.^[@ref44],[@ref45]^

To further reveal the molecular mechanism of ICA against BPA-induced damage to the intestinal epithelial barrier, we conducted a series of experiments around p38 MAPK. Previous studies have shown that p38 MAPK indirectly impaired the barrier function of intestinal epithelial cells by regulating their oxidative stress processes. The results of our trial showed that *in vivo* and *in vitro* BPA challenge significantly increased the level of gene expression and content of p38 MAPK, while ICA co-treatment effectively reversed these changes. Further, we performed subsequent experiments using a corresponding inhibitor (SB203580) and an activator (anisomycin) of p38 MAPK. Our results suggested that the corresponding blocker of p38 MAPK signaling can effectively mitigate cell death, oxidative stress, and damage to intestinal permeability induced by BPA. Besides, when we treated cells with a specific activator of p38 MAPK in conjunction with ICA, ICA lost its ability to combat BPA-induced cell death, oxidative stress, and damage to intestinal permeability. In addition, we found that the ICA-alone treatment of MODE-K cells inhibited the expression of p38 MAPK and decreased the production of ROS. These findings indicated that BPA leads to impairment of intestinal epithelial barrier function in a p38 MAPK-dependent manner, and ICA rescues the intestinal epithelial barrier function by inhibiting BPA-induced p38 MAPK expression.

Conclusions {#sec4}
===========

Our results demonstrated that the disorder of redox equilibrium induced by p38 MAPK activation is an essential step of BPA-induced intestinal epithelial barrier and permeability disruption. What is more important is that our results emphasize that ICA has a protective effect on the intestinal epithelial barrier dysfunction induced by BPA through regulating p38 MAPK expression. These data suggested that p38 MAPK is a key target for the prevention and treatment of BPA-induced intestinal diseases, and ICA may be an effective natural product for the prevention of intestinal damage caused by BPA.

Materials and Methods {#sec5}
=====================

Reagents {#sec5.1}
--------

BPA was purchased from Sigma (lot no. 239658). ICA (lot no. 20171125, net content 90.00%) was purchased from Xi'an Grassroot Chemical Engineering Co. Ltd. (Xian, China). SB203580 (lot no. GC13595, purity = 98.00%) and anisomycin (lot no. SC0132, purity = 99.00%) were obtained from GlpBio Technology and Beyotime Biotechnology (China), respectively.

Animal Maintenance and Experimental Designs {#sec5.2}
-------------------------------------------

For this study, 40 male C57BL/6 mice aged 3 weeks were selected. All mice are kept in an environment free of specific pathogens. The experimental environment guarantees constant temperature and humidity, light/dark cycle for 12 h. Four groups of mice (*n* = 10 each) were used in this study. Group 1 (CON group) was used as the control, and the mice were fed with a vehicle (filtered water). Group 2 (BPA group) were given BPA orally at 50 μg/(kg day). Group 3 (BPA + ICA group) received both ICA (20 mg/(kg day)) and BPA (50 μg/(kg day)). All treatments were given daily for 10 weeks. All mice were sacrificed after 10 weeks of treatments. To reduce sample variability, the intestinal segments were collected from the approximate middle position of the intestinal tract (jejunum). The jejunal epithelium was separated from the muscular layers by blunt dissection and stored at −80 °C prior to further analysis. Blood samples from mice were collected through the jugular vein and then collected into heparin anticoagulation tubes (5 mL). Plasma samples were then stored by centrifugation for 10 min (3000*g*, 4 °C) at −80 °C until further analysis.

Cell Culture {#sec5.3}
------------

MODE-K cells are an intestinal epithelial cell line derived from C3H/HeJ mice, bought from Shanghai Cell Bank, Chinese Academy of Sciences (lot no. BFN608006456). MODE-K cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum, 1% penicillin/streptomycin, 1% gentamycin, 1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, and 1% nonessential amino acids. The medium was changed every 2--3 days. The incubation conditions were 37 °C and a 5% CO~2~ atmosphere.

Determination of Jejunal Permeability {#sec5.4}
-------------------------------------

The endotoxin, diamine peroxidase (DAO), [d]{.smallcaps}-lactate, and zonulin content in plasma and jejunal samples were determined using commercial kits (Shanghai Enzyme-Linked Biotechnology Co. Ltd., Shanghai, China). The detailed steps of the test operation are given in the manufacturer's instructions.

Determination of Jejunal Oxidative Status {#sec5.5}
-----------------------------------------

Reactive oxygen species (ROS), reactive nitrogen species (RNS), malondialdehyde (MDA), and hydrogen peroxide (H~2~O~2~) contents in plasma and jejunal samples were determined using enzyme-linked immunosorbent assay (ELISA) kits (Shanghai Enzyme-Linked Biotechnology Co. Ltd., Shanghai, China). The detailed steps of the test operation are given in the manufacturer's instructions.

Determination of MODE-K Cells' Oxidative Status {#sec5.6}
-----------------------------------------------

Intracellular reactive oxygen species (ROS) in the MODE-K cells were measured using 2′,7′-dichlorofluorescein diacetate (DCFH-DA; Sigma) per a previously reported method.^[@ref46]^ In brief, the cells were washed three times with phosphate-buffered saline (PBS) after removing the culture medium. A 10 μM DCFH-DA solution was added to the cells and incubated for 30 min at 37 °C. Next, the cells were washed three times with PBS. Then, the cells were resuspended in 1 mL of PBS and total intracellular fluorescence intensity was measured by flow cytometry (FACS Verse, BD Biosciences, San Jose, CA). The level of total intracellular ROS paralleled the increase in fluorescence intensity and was calculated as the percentage of control cells.

Mitochondrial ROS in the MODE-K cells were measured using MitoSOX Red mitochondrial superoxide indicator (Invitrogen) as described previously.^[@ref47]^ Briefly, the cells were washed three times with PBS after removing the culture medium. MitoSOX Red mitochondrial superoxide indicator, diluted to a final concentration of 4 mM in serum-free DMEM, was added to the cells and incubated for 30 min at 37 °C. The cells were washed three times with PBS. Then, the cells were resuspended in PBS, and fluorescence was measured immediately with a flow cytometer. The level of mitochondrial ROS paralleled the increase in fluorescence and was calculated as the percentage of control cells.

Determination of Jejunal and MODE-K Cells' Antioxidative Status {#sec5.7}
---------------------------------------------------------------

The superoxide dismutase (SOD) activity, glutathione peroxidase (GPx) activity, catalase (CAT) activity, and total antioxidant capacity (T-AOC) in plasma, jejunal, and MODE-K cell samples were determined using ELISA kits (Shanghai Enzyme-linked Biotechnology Co. Ltd., Shanghai, China). The detailed steps of the test operation are given in the manufacturer's instructions.

Determination of Jejunal and MODE-K Cells' p38 MAPK Content {#sec5.8}
-----------------------------------------------------------

The p38 MAPK contents in jejunal and MODE-K cell samples were determined using ELISA kits (Shanghai Enzyme-Linked Biotechnology Co. Ltd., Shanghai, China). The detailed steps of the test operation are given in the manufacturer's instructions.

Cell Viability Assay {#sec5.9}
--------------------

Cell viability was tested as described previously.^[@ref46]^ Briefly, the cells were cultured for 24 h in 96-well plates. After treatment, 10 μL of the CCK-8 assay solution was added to each well and incubated for another 1 h. Then, the optical densities were read on a microplate reader (Molecular Devices, Sunnyvale, CA) at 450 nm. Lactate dehydrogenase (LDH) measurements were also used to assess cell viability.^[@ref48]^ The cells were cultured for 24 h in 96-well plates. After treatment, the LDH content was determined using an assay kit. Then, the optical densities were read on a microplate reader (Molecular Devices, Sunnyvale, CA) at 450 nm. Cell viability is presented relative to the control group.

MODE-K Cell Monolayer's Barrier Function {#sec5.10}
----------------------------------------

The MODE-K cell monolayer was constructed by seeding 0.2 × 10^6^ cells into each well of a 24-well Transwell plate (Corning, Inc., Corning, NY). The insertion area was 0.33 cm^2^, and the pore size was 0.4 μm. The culture medium was changed every other day. Cells reached confluence on day 2, and the treatments were performed on day 7. The transepithelial electrical resistance (TEER) value of the MODE-K monolayers reached approximately 150 Ω·cm^2^ at 7 days after confluence. Fluorescein isothiocyanate-dextran (FITC-D4, 4 kDa, 0.25 mM) measurements were taken for paracellular permeability.^[@ref49]^ FITC-D4 was added to the apical chamber at the end of the treatment. After 2 h, 50 μL of the medium from the bottom chamber was transferred to a fluorescence measurement plate, and the fluorescence intensity was measured at an excitation wavelength of 485 nm and an emission wavelength of 530 nm. TEER and FITC-D4 flux values are both expressed as percentages of the control cells.

RNA Isolation, cDNA Synthesis, and Real-Time Quantitative PCR {#sec5.11}
-------------------------------------------------------------

Total RNA was extracted from each jejunal tissue or cell sample using TRIzol reagent. The RNA concentration and quality in the extracted colonic samples were measured using a NanoDrop ND-1000 spectrophotometer (Thermo). Next, 2 μg of total RNA was treated with RNase-Free DNase and reverse transcribed per the manufacturer's instructions. Diluted cDNA (2 μL; 1:20, v/v) was used for real-time PCR, which was performed using an Mx3000P real-time PCR system (Stratagene). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which was unaffected by the experimental factors, was chosen as the housekeeping gene. All primers used in this study are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and were synthesized by Generay Company (Shanghai, China). The 2^--ΔΔCt^ method was used to analyze the real-time PCR results, and gene mRNA levels are expressed as the fold change relative to the mean value of the control group.

###### Primer Sequences Used in This Study

  target genes   prime forward/reverse   primer sequence (5′ → 3′)
  -------------- ----------------------- ---------------------------
  GAPDH          forward                 TGCACCACCAACTGCTTAGC
  reverse        GGCATGGACTGTGGTCATGAG   
  ZO-1           forward                 GCTCCTGCTATCCACCTA
  reverse        CCTGAATCGGGCTCTCATAC    
  occludin       forward                 GCACTTGTTAAGGCAGCAG
  reverse        ACGGTAAGCATTGGCGCA      
  claudin-1      forward                 GTGAACCGTGGACGGAAA
  reverse        CTCCGCTGATTCACAGATTTC   
  caspase-3      forward                 TGGAATTGATGCGTGATGTT
  reverse        GGCAGGCCTGAATAATGAAA    

Statistical Analysis {#sec5.12}
--------------------

All data are presented as mean ± standard error of mean (SEM). Statistical significance was calculated by independent-sample *t*-test using SPSS (SPSS v. 20.0, SPSS Inc., Chicago, IL) software and accepted for *p* \< 0.05. The numbers of the replicates are noted in the figures.
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